Fiber Bragg gratings (FBGs) are developing into useful sensing tools for measuring high pressure dynamics in extreme environments under shock loading conditions. Approaches using traditional diode array coupled FBG interrogation systems are often limited to readout speeds in the sub-MHz range. For shock wave physics, required detection speeds approaching 100 MHz are desired. We explore the use of two types of FBG sensing systems that are aimed at applying this technology as embedded high pressure probes for transient shock events. Both approaches measure time resolved spectral shifts in the return light from short (few mm long) uniform FBGs at 1550 nm. In the first approach, we use a fiber coupled spectrometer to demultiplex spectral channels into an array (up to 12) of single element InGaAs photoreceivers. By monitoring the detectors during a shock impact event with high speed recording, we are able to track the pressure induced spectral shifting in FBG down to a time resolution of 20 ns. In the second approach, developed at the Special Technologies Lab, a coherent mode-locked fiber laser is used to illuminate the FBG sensor. After the sensor, wavelength-to-time mapping is accomplished with a chromatic dispersive element, and entire spectra are sampled using a single detector at the modelocked laser repetition rate of 50 MHz. By sampling with a 12 GHz InGaAs detector, direct wavelength mapping in time is recorded, and the pressure induced FBG spectral shift is sampled at 50 MHz. Here, the sensing systems are used to monitor the spectral shifts of FBGs that are immersed into liquid water and shock compressed using explosives. In this configuration, the gratings survive to pressures approaching 50 kbar. We describe both approaches and present the measured spectral shifts from the shock experiments.
INTRODUCTION
Fiber Bragg gratings (FBG) are embedded and distributed reflectance sensors that for several years have been successfully fielded for measuring strain in structural monitoring applications. 1 FBGs have now successfully been used to measure stress induced spectral shifts in the multi-kilobar range. [2] [3] [4] Beyond static and quasi-static pressure loading, interest in FBGs arise from their potential use as pressure sensors in dynamic environments where loading occurs at very high strain rates as in shock wave physics, burning fuels, or high explosive events such as deflagrations and thermal explosions. [5] [6] [7] [8] The pressures attained in these types of events are extremely high (up to several hundred kilobar) and can occur on timescales from tens of microseconds to nanoseconds. The goal of our ongoing studies is to determine whether FBGs and their associated recording systems are able to provide an accurate, high speed (ns-level), in-situ measure of pressure under compressive loading from shock waves. FBGs have been shown to provide fast measurement of detonation position and velocity monitoring while operating in the destructive mode. [5] [6] [7] [8] Recently, Udd and colleagues demonstrated that embedded FBG show high speed (sub-μs) response to dynamic pressure and temperature in deflagration to detonation tests (DDT) 2 . Peak dynamic pressures and temperature up to 82 kbar and 400ºC were measured. Recently, we reported some initial pressure measurements in shocked inert samples. 3, 4 In this paper, we focus on improving the fidelity of FBG based pressure measurements by examining two methods of recording pressure induced spectral shifts in FBGs. By considering the speed and spectral response of recording methodologies suitable for shock wave studies, we determine the relative merits of each approach.
FBG sensors have predictable thermal and mechanical properties. [9] [10] [11] Previously, the wavelength shift of the returning light spectrum from FBG has been studied as a function of temperature and applied pressure. 9, 10 Under applied pressure, the fiber reflectance spectrum shifts to shorter wavelengths, and at elevated temperature, the reflectance spectrum shifts to longer wavelengths. In the present study we focus on the FBG pressure response. The pressure sensitivity shift of Gedoped SMF-28e type FBG sensors is measured as -0.39 nm/kbar at λ=1550 nm. 12 So for a pressure wave that is 100 kbar in amplitude, a spectral shift of -39 nm, from λ=1550 nm to λ=1511 nm, in the return FBG spectrum is expected. The linear response of the FBG reflectance peaks to pressure was demonstrated up to ~1 kbar in quasi-static hyperbaric chamber tests. 2 One approach to high speed FBG pressure recording is to spectrally disperse the return light signal from a FBG and then have spectral channels read out by an InGaAs linear detector array for light sources at 1550 nm. However, the fastest readout speeds of commercial InGaAs arrays are too slow (state-of-art currently approaching 50 kHz for a 1024 element diode array) to capture spectral shifts from FBG sensors for high-speed dynamic events that are often on the sub-microsecond timescale. To date, little dynamic loading high pressure FBG tests exist. [3] [4] [5] Our initial studies 3 focused on shock wave pressure sensing methods up to pressures of 14 kbar. These shock pressures were achieved by impacting a gas gun driven flyer plate into a PMMA target with embedded FBG sensors. Results demonstrated a need for better methods at discriminating the pressure induced wavelength shift in the FBGs. Specifically, there is a need for better recording systems where recording speeds can approach the sub-microsecond to nanosecond regime. As mentioned, spectral recording based on linear diode arrays is too slow, and those based on visible streak camera methods are mostly incompatible with telecom wavelength technologies where FBGs are abundant and inexpensive.
In this paper we explore two approaches for detection of sub-microsecond shock wave pressure dynamics. The first approach relies on spectrally separating the return light signals from a FBG sensor using a spectrometer coupled to a bank of single element photoreceivers where time response is governed by the speed of the detectors (typically a few nanoseconds). This approach takes advantage of the availability of broadband incoherent amplified spontaneous emission (ASE) light sources in the telecom band to illuminate the FBG sensor. Because the light source is broadband, a large pressure induced spectral shift can be monitored by appropriately choosing distribution of the spectral channels. Recording of signals from the detector bank is done in parallel using one digitizer channel per wavelength channel. Two disadvantages of this spectral distribution technique include limited spectral information (due to the limited number of discrete spectral channels) and the requirement for many digitization channels. In the second approach, an ultrafast modelocked laser pulse is the illumination source. The large bandwidth and coherence of ultrafast fiber lasers allows for time domain manipulation of the optical spectral phase components. The approach relies on chromatic pulse dispersion to stretch spectral components in the laser band and map them to the time domain. The detection of the pressure induced wavelength shift is then done in the time domain by serially recording the entire spectrum of the laser pulse at the repetition rate determined by the modelocked laser pulse repetition frequency. In such a mode, refresh updates to the light return spectrum reflected from the FBG sensor can be as high as 100 MHz. By choosing the appropriate combination of laser pulse repetition rate, spectral band coverage, photoreceiver bandwidth, and recording oscilloscope, the time domain FBG spectrometer becomes an attractive modality for pressure sensing at nanosecond speed. In the following sections we demonstrate these technologies by applying these approaches to measuring high pressure shock waves in high explosive (HE) driven tests.
EXPERIMENTAL
Below we describe details of our explosively-driven shock pressurization cell and the two approaches used for measuring shock pressure dynamics with FBGs. We first describe our high pressure HE driven shock wave system for testing these FBG pressure recording systems in Section 2.1. Then in Section 2.2, we describe the first measurement approach, where the FBG sensor is illuminated with a broad incoherent amplified spontaneous emission (ASE) light source and spatially dispersed into one of twelve spectral bins by a fiber coupled spectrometer and detected by an array of single element photoreceivers. This is what we term the multi-channel spectrally resolved approach. In the second approach, described in Section 2.3, we take advantage of the broad spectral content from a coherent short pulse (~ 100 fs) modelocked fiber laser. The broadband fiber laser illuminates the FBG sensor and the return light is temporally dispersed to map the spectral content into a time delay that is then detected on a single high speed photoreceiver. The second approach we term the optical time domain spectrometer approach and describe in Section 2.3. 
Explosively-Driven Shock Pressurization Cell
In Figure 1 we illustrate the explosively-driven shock pressurization cell used in our experiments. The diagram in Figure  1 (a) shows that the main pressurization region of interest for FBG measurements consists of a water-filled 44.5 mm (1.75 in.) diameter right cylinder cell that is 10 mm thick. A shock wave is driven into the water by a 25 mm diameter by 12 mm thick charge of PBX 9501 high explosive (HE) that was initiated by a detonator (Model RP-1, Teledyne RISI, Inc.) The shock travels through a 38.1 mm diameter by 2 mm thick OFHC copper disk before entering the water cell where the FBG is located. A Taylor-like saw tooth shaped shock wave propagates through the water cell and attenuates with distance as the rarefaction overtakes the leading shock front. Hydrodynamic calculations of shock pressures in the water show a shock pressure of over 50 kbar at the water/copper interface which attenuates to just over 30 kbar near the exit window. The exit window is a right cylinder transparent window of polymethyl methacrylate (PMMA) 50.8 mm (2 in.) diameter by 12.5 mm thick. The entire target assembly is housed in a 63.5 mm (2.5 in.) diameter cylindrical tube of black Delrin plastic. Figure 1 (b) shows a pre-shot photograph of a target assembly. The photo in Figure 1 (b) also shows the centralized location of the FBG sensor. The FBG sensors are inserted thru a small diameter hole that is drilled through the center of the PMMA window and is located near the middle of the water region, approximately 4 to 5 mm away from the copper/water interface. Epoxy is used to fix the position of the FBG and to plug the FBG loading and water filling holes.
In addition to the FBG pressure sensors, high speed laser Doppler velocimetry (VISAR and PDV) is used to measure the copper/water and water/PMMA interface velocities and the shock transit time through the water. From the particle speed and average shock speed, an estimate of the pressure in the water is obtained using shock physics Hugoniot relations. 
Approach 1: Multi-Channel Spectrally Resolved Fiber Bragg Pressure Sensing
The principle of operation for the multi-channel spectrally resolved FBG pressure sensing system is shown in Figure 2 and is similar to the system described previously. 6 In Figure 2 (a), light from an incoherent broadband amplified spontaneous emission (ASE) source (C-band: 1525 nm -1565 nm) is launched into a single-mode 3-port fiber circulator. The circulator directs light to the embedded FBG sensor in the experiment. The highly reflective (~90%) narrowband (~2 nm) uniform FBG reflects the light at 1550 nm back through the circulator which is then amplified by an erbiumdoped fiber amplifier (EDFA). A bank of high speed (ns rise time) InGaAs photoreceivers and digitizing oscilloscopes record the shock wave and the subsequent blue spectral shift due to pressure. Figure 2 (b) shows a cartoon illustration of the FBG being compressed due to the propagating shock wave. The compression causes the grating period to shorten thus shifting the reflectance band to shorter wavelengths. Previously, the wavelength shift of the returning light spectrum has been studied as a function of temperature and applied pressure to 1 kbar. 2, 9, 10 Under applied pressure, the fiber reflectance spectrum shifts to shorter wavelengths. The magnitude of the pressure induced spectral shift is dependent on Figure 2 (b) shows a cartoon illustration of the FBG as it is compressed by the propagating shockwave. The resulting non-uniform decrease in the grating period broadens the spectrum and shifts the reflectance band to shorter wavelengths. Our shock wave pressure studies reported here are designed to extend dynamic pressure measurements to 50 kbar.
Between the EDFA and detectors, various means can be used to separate the spectral bands such as a 1x12 fiber-coupled spectrometer or fiber demultiplexing filters such as CWDMs or DWDMs. For example, Figure 3(a) shows a photograph of a 1x12 fiber coupled spectrometer developed by Ibsen Photonics in collaboration with Columbia Gorge Research, LLC. The output of the spectrometer is imaged onto a 12 channel fiber array that then fans out to individual single fiber channels that eventually couple into the photoreceivers. The graph in Figure 3(b) shows an example set of output spectral channels that are monitored for light return off the FBG sensor. Although spacing between individual channels is fixed by the imaging optics in the spectrometer, the overall spectral range can still be tuned according to the ASE light source spectrum or expected wavelength range of the FBG sensor used. Figure 2. (a) Schematic of multi-channel spectrally resolved FBG pressure sensing system: light from a broadband light source is directed through a fiber circulator into a FBG reflector embedded in the experiment. The return light is directed through the circulator into the detection leg which includes an erbium doped fiber amplifier (EDFA), spectrometer, detectors, and oscilloscope. (b) When the FBG is compressed due to the traversing shock wave, the FBG reflectance spectrum and return light is shifted to the blue. Figure 3. (a) Photograph of the 1x12 fiber coupled spectrometer used in these studies. The wavelength is tuned with a manual micrometer, and the output bundle of 12 fibers couples light from the spectrally dispersed image plane of the spectrometer to a bank of twelve photoreceivers. The graph in (b) is a sample of wavelength channels tuned to the Cband of our ASE light source using ten output channels of the spectrometer. Spectral spacing between channels is 1.8 nm. 
Approach 2: Optical Time Domain Spectrometer Fiber Bragg Pressure Sensing
In the second approach to FBG pressure sensing, we borrow techniques from the ultrafast optics field and take advantage of ultrafast fiber lasers, ultra high speed photonics and recording oscilloscopes. High repetition rate (10s to 100s of MHz) ultrafast modelocked fiber lasers produce a stable broad spectrum of coherent laser light in the C-band. In our approach, we use the broad spectrum from an ultrafast fiber laser system to illuminate a FBG pressure sensor. Since the illumination source from these lasers can be as wide as 100 nm, the reflected intensity power spectrum from the FBG sensor will be similar to that from an incoherent ASE light source. Chromatic dispersion is then performed on the return light to so that each wavelength in the spectrum is recorded on a high speed detector at a different time. This approach enables recording of the complete spectrum of the light returning from the FBG with a sampling rate limited only by the repetition rate of the laser system. Techniques using time domain dispersion are often used to accurately separate out wavelengths by using dispersive elements that introduce a group delay between successive wavelengths, i.e., chromatic dispersion. Chromatic dispersive elements can include prisms, gratings, and transparent transmission materials such as optical fibers. Here, we use long runs of SMF-28 optical fiber for a high level of chromatic dispersion. SMF-28 fiber has a material chromatic dispersion constant of 16.6 ps-nm -1 -km -1 at 1550 nm. For example, an ultrashort pulse fiber laser (100 fs) in the C-band containing 40 nm of bandwidth (1525 nm -1565 nm) will stretch 6.7 ns for every 10 km of propagation through SMF-28 fiber.
A schematic diagram of the optical time domain spectrometer used for this work is shown in Figure 4 (a). Light pulses from an ultrafast modelocked laser are launched to a four port circulator and into the FBG embedded in the experiment (port 2). The reflected light from the FBG is passed back through the circulator to a SMF28 dispersive fiber in port 3 (12-18 km length) and is reflected from a Faraday mirror (enabling 24-36 km total length). After spectral mapping of each laser pulse to the time domain with the dispersive fiber, the light passes back through the circulator to port 4 and into a single high speed (12 GHz) InGaAs detector coupled to a high bandwidth oscilloscope for recording. The laser pulse width and period, fiber spectral dispersion, and recording system bandwidth determine the spectro-temporal resolution of the system. We used this same InGaAs detector coupled to a high speed 20 GHz oscilloscope with sufficient recording bandwidth to measure the initial spectrum from the grating. In Figure 4 (b) and 4(c) we show an example of the mapping by comparing the pulse spectrum using a time-integrating spectrometer (Fig. 4(b) ) to a time domain spectrum (Fig. 4(c) ) using a setup as in Fig. 4(a) . This source was first passed through a CWDM FBG filter at 1550 nm to narrow the source from the modelocked laser. Ultimately the capture rate of full spectra as in Fig.4(c) is limited by the modelocked repetition rate of the laser source and by the speeds of the photoreceiver and recording oscilloscope.
At the time of the writing of this manuscript, the latest improvements to our optical time domain spectrometer include upgrading our ultrafast fiber laser to 100 MHz, increased speed of the photoreceiver to 35 GHz and recording oscilloscope to 100 GSamp/sec with 33 GHz bandwidth. By upgrading these components, spectral-temporal resolution is enhanced to providing 300 time points in a 10 ns window. If the spectrum from the ultrafast laser covers the C-band of 40 nm (1525 nm -1565 nm) and chromatic dispersive stretching to 10 ns is accomplished with 15 km of SMF-28 , the resultant spectral resolution over 40 nm bandwidth is 0.13 nm (= 40 nm/300 pts) per time point. For typical FBG, this corresponds to a pressure resolution of approximately 0.3 kbar. 
RESULTS
A series of experiments were fielded in 2013 at Special Technologies Laboratory's (STL) HE boom box operated by NSTec in Santa Barbara, California. One of these tests is shown in Figure 5 . A 3.6 mm long uniform FBG was placed in Figure 5 . (a) Multi-channel spectrometer channels used for HE driven shock pressure studies in a water cell. The black dashed curve is the initial static reflection spectrum of the 3.6 mm long FBG sensor. A shock pressure wave results in a wavelength (λ) shift across the various detection channels. (b) Dynamic results from HE driven water cell shock pressure measurements. An initial shock pressure wavelength shift from 1550.8 nm to 1532.5 nm (Δλ∼18.3 nm) is observed, followed by a complex shock release and reverberation that results in the pressure wave sending a complex signal across multiple spectral channels at different times. the water cell ~4 mm from the copper surface and parallel to the shock propagation direction. The shock was driven into the water cell as described above. Multi-channel spectrally resolved monitoring of the FBG is accomplished using the selected wavelengths shown in Figure 5 (a) with the pre-shot static FBG reflection spectrum at 1550.8 nm also shown (dashed line) in Fig. 5(a) . The dynamic response of the FBG pressure sensor is shown in Figure 5(b) . The results show that multiple spectral channels are accessed by the complex structure of the pressure wave. Initial early time response at 3.4 μs shows a rapid loss of signal at the initial wavelength of 1550.8 nm and an FBG reflectance increase at1532.5 nm as the band shifts to shorter wavelengths. This wavelength induced pressure shift of Δλ~18.3 nm represents the initial shock pressurization. Subsequent response is followed by a release of the pressure to lower levels as the multi-channel spectrometer maps signal going from shorter wavelengths to longer wavelengths between 3.5 μs and 4.1 μs. After 4.1 μs, the shockwave begins to reverberate sending a complex signal across multiple spectral channels at different time positions. The complex wave structure setup in the FBG sensor is partly due to the HE drive that set an initial saw tooth Taylor-like ramp into a series of materials (copper/water/PMMA) with varying shock impedances that can produce multiple waves with reflections from these material boundaries. Perhaps the most reliable information gained from the signal is the initial shock pressurization at 3.4 μs where a wavelength shift of Δλ~18.3 nm corresponds to a peak pressure of approximately 46 kbar. This pressure shift is based on constants used for uniform FBG constants in SMF-28 fiber according to the calibration of pressurized FBG in reference [12] .
To compare both types of FBG pressure sensing methods described, a second experiment under similar HE-drive and target conditions was performed using the STL developed optical time domain spectrometer shown previously in Figure  4 (a). The modelocked laser source spectrum was just over 30 nm wide. Since the laser operated at 50 MHz, a complete reflection spectrum was measured every 20 ns. A 0.9 mm long uniform FBG sensor at 1560 nm was used, and the results from this test are shown in Figure 6 . Shock arrival at the sensor occurs at 205 μs, and the initial shock pressure wave is observed to shift the 1560 nm FBG spectrum to the blue beyond the lower limit of the available source, λ < 1540 nm. Faint hints, not observable in the printed image, show that the peak pressure hovers around a wavelength shift of Δλ ≈20. This shift is larger than that observed using the multi-channel spectrometer and may be attributed to subtle differences in drive conditions or possibly FBG pressure response function. Nonetheless, differences of the peak pressure shift between the two experiments appear to be within 20%. More experiments are necessary to refine the comparison. At 205.5 μs, the FBG appears to show a dynamic pressure release similar the data shown in Figure 5(b) . The optical time domain spectrometer results yield a more complete mapping of the spectral components involved resulting in a clearer tracking of the dynamics after the peak pressure is achieved and during the release phase. Shifts to wavelengths longer than 1560 nm are observed and are interpreted as conditions when the FBG sensor is in a state of tension. The FBG pressure oscillates, going from peak compression to tension and then back into compression, before ultimately failing at about 207 μs. The observed dynamics are not uncommon and are evidence of the complex ringing occurring in the water cell due to multiple interfaces and materials, and that the nature in which the FBG sensor reacts to these changing conditions. It appears that the added spectral information from the optical time domain spectrometer is worth the tradeoff of poorer time resolution compared to the multichannel spectral channel approach.
Additional insight into the complex shockwave structure is gained by examination of the laser velocimetry results. The graph in Figure 7 shows a series of traces representing measured data from one experiment. The VISAR traces measure the velocity at the copper/water interface, and the PDV traces measure the velocity at the water/PMMA interface. After initial shock jump, the velocity traces display saw tooth like shape and subsequent ringing behavior caused by the finite thickness of the 2 mm copper disc introducing shock reflections from its interfaces. Estimate of the shock speed in the water is given by the transit time (Δt=3.42 μs) across the water cell thickness of 10 mm as 2.92 mm/μs. From the shock speed and the measured particle velocity speeds, a Hugoniot-calculated 14 estimate of the peak pressure in the water is 48 kbar at the copper water interface and 27 kbar at the water/PMMA interface. The FBG sensors were placed 4 mm from the copper/water interface, and would suggest that the pressure in the vicinity of the FBG is approximately 40 kbar. Finally, we should note that calibration between FBG spectral shift and pressure is based on the hyperbaric chamber calibration tests of Udd (reprinted in reference [7] ) that was performed only up to static pressures of 1 kbar and on different types of fiber that those used in these experiments. Therefore, it is imperative to note that more thorough calibration of dynamic FBG pressure response is required and efforts are currently underway to do this with experimental platforms that can deliver flatter shockwave profiles to simplify interpretation of the FBG data. Experiments of this type are ongoing at gas gun driven facilities. Furthermore, efforts to model the pressure in the water cell with hydrodynamic simulations and to model the FBG dynamic spectral response are in progress. Nonetheless, E driven ecording induced wavelength shifts of the FBG return spectrum illuminated with an incoherent ASE light source. By measuring the dynamics of the pressure induced shift across multiple spectral channels, an estimate of the peak pressure was obtained. In the second method, the FBG is interrogated by an optical time domain spectrometer based on a broadband ultrafast fiber laser used in conjunction with a dispersing fiber to map the spectrum into the time domain for recording. A full record of the FBG return spectrum is measured on a single 12 GHz detector with update rates determined by the modelocked frequency of the laser (50 MHz). Both systems were able to track peak pressure in the experiment with reasonable agreement using complementary velocimetry measurements. However, the fidelity of the optical time domain spectrometer based system seems to provide better FBG pressure response dynamic history as it provides more detailed spectral information than the multichannel spectrometer approach. At the sacrifice of time resolution when compared to the multichannel spectrometer, the optical time domain spectrometer effectively records more spectral information and thus more dynamic pressure information. Improvements in time and spectral response in the optical time domain spectrometer can be achieved by selection of modelocked laser repetition frequency, spectral bandwidth, chromatic dispersion, photoreceiver speed, and recording bandwidth. Similarly, improvements in the multichannel spectrometer approach can be enhanced by decreasing spacing in spectral division channels (i.e., using a DWDM) and increasing the detector bank size. Both approaches are viable methods for FBG pressure sensing, and the proper choice of one depends on the details of the pressure event to be recorded. Further refinements in these systems are necessary as well as the need for a well calibrated dynamic pressure scale for FBG based sensing up to 100 kbar.
